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Copper-based epoxy and ablative antifouling painted panels were exposed in natural seawater to evaluate environmental 
loading parameters. In situ loading factors including initial exposure, passive leaching, and surface refreshment were 
measured utilizing two protocols developed by the US Navy: the dome method and the in-water hull cleaning sampling 
method. Cleaning techniques investigated included a soft-pile carpet and a medium duty 3M pad for fouling removal. 
Results show that the passive leach rates of copper peaked three days after both initial deployment and cleaning events 
(CEs), followed by a rapid decrease over about 15 days and a slow approach to asymptotic levels on approximately day 
30. Additionally, copper was more bioavailable during a CE in comparison to the passive leaching that irmnediately 
followed. A paint life cycle model quantifying annual copper loading estimates for each paint and cleaning method 
based on a three-year cycle of painting, episodic cleaning, and passive leaching is presented. 
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Introduction 

Preventing fouling on vessels can be traced back to the 
fifth-century B.C. and earlier, with efforts primarily 
focused on hull preservation, water resistance, and main- 
taining vessel speed (WHOI 1952). As modem day tech- 
nology has developed, the benefits associated with a 
well-conditioned hull and the prevention of biofouling 
have increased to include considerations associated with 
the entire life cycle, operating and support costs critical 
to vessel operations (Copisarow 1945; Schultz et al. 
2011). The most common fouling solution in use 
involves the application of a paint system consisting of a 
primer/base coat and a compatible copper-based antifoul- 
ing (AF) coating on the underwater portion of a vessel. 
Copper released from the coating acts as a toxicant 
inhibiting the settling and growth of marine organisms 
on the coated surface. For recreational vessels in harbors 
and marinas throughout California, the two most com- 
monly applied paint types are ablative and epoxy-based 
coatings that utilize different physical and mechanical 
properties to release copper to reduce biofouling. During 
the life cycle of a coating, biofouling often appears and 
requires cleaning to maintain a smooth, fouling-free sur- 
face (Schiff et al. 2004; Port of San Diego 2006, 2011). 
Underwater cleaning practices in California follow indus- 
try standards utilizing progressively aggressive methods 
and tools depending upon the condition of the hull, rang- 
ing from microfiber cloth and soft pile carpet to varying 
roughness of 3M type abrasive pads to remove fouling 



(CPDA 2008). Cleaning often occurs every four weeks 
during low fouling conditions (eg winter months) and 
every three weeks during high fouling conditions (eg 
summer months) (Port of San Diego 2011). Because of 
the widespread use of copper-based AF coatings and 
other anthropogenic loadings, copper concentrations in 
some harbors exceed or are near the United States 
Environmental Protection Agency (USEPA) water quality 
criteria (Port of San Diego 2011). 

Copper levels exceeding water quality criteria have 
triggered regulatory controls such as Total Maximum 
Daily Loads and National Pollution Discharge Elimina- 
tion System permit restrictions limiting the loading and 
concentrations of copper in harbors and particularly yacht 
basins and marinas (Port of San Diego 2011). Environ- 
mental loading from AF paint systems includes contribu- 
tions from passive hull leachate and surface refreshment 
(SR) of the paint. Passive hull leachate is the continuous 
dissolution of AF paint constituents during environmental 
exposure. SR includes cleaning activities and vessel oper- 
ation that refresh the paint surface through active removal 
of fouling organisms and varying amounts of AF paint. 
These loading components are interdependent because 
SR affects passive leach rate (at least temporarily), and 
the magnitude of the passive leach rate is a key factor in 
influencing the level of antifoulant released to the 
surrounding aquatic environment. Conversely, as fouling 
increases due to reduced coating efficacy, the demand for 
SR increases. 
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SR activities and passive leaching may contribute to 
ambient water toxicity. Once released from a coating, 
copper hydrates and/or complexes with a variety of spe- 
cies in natural seawater environments, including the 
hydrated free copper ion (Cu^^), dissolved organic (labile 
and inert) and inorganic complexes, colloidal and partic- 
ulate copper (Morel 1983). Ligands, humic substances, 
and related compounds associated with the surface of the 
biofilm may be present in sufficient quantity in the sur- 
rounding water to complex the copper and make it less 
bioavailable. Copper has been shown to be strongly 
associated with organic matter (ligands) in the marine 
environment (Campos & van den Berg 1994), and these 
copper-ligand complexes are less labile and therefore 
less toxic than the uncomplexed forni (Cu^ , referred 
herein as free copper). Thus, high concentrations of 
organic copper-binding ligands in coastal estuaries have 
been shown to effectively buffer copper toxicity even at 
relatively high copper loadings (Buck & Bruland 2005; 
Rivera-Duarte et al. 2005). Copper concentrations that 
exceed the binding capacity of the natural ligands can 
lead to potentially toxic copper conditions, generally 
thought to occur at [Cu^^] > 10"" M (or log[Cu^^] > -11; 
Brand et al. 1986; Rivera-Duarte et al. 2005). While this 
toxicity is a ftmction of the effectiveness of the individ- 
ual coating, the aggregate release from many vessels to 
the environment must also be considered; especially for 
harbors and marinas where large concentrations of ves- 
sels occur and water circulation may be limited (Schiff 
et al. 2004). 

Standard methods for release rate determination 
(ASTM 2006, 2007; ISO 2007a, 2007b) are usefial for 
gaging the effectiveness of paint systems. However, it is 
widely recognized that these methods do not produce 
data representative of in-service conditions, do not reflect 
enviromnental release rates for AF products, and are not 
suitable for deriving environmental loading estimates 
(Schiff et al. 2004; ASTM 2006, 2007; Finnic 2006). 
The US Navy's Dome method was utilized during this 
study as it is considered the most reliable method to date 
for determining actual biocide release rates from AF 
paints (Finnic 2006; OECD 2012). 

Previous studies have examined environmental cop- 
per loading in situ associated with passive leaching from 
vessels (Seligman et al. 2001; Schiff et al. 2004) static 
and dynamic cycles (Lindner 1993), as well as loading 
associated with cleaning activities (Schiff et al. 2004; 
Port of San Diego 2006). The objective of this study 
was to develop a life cycle model for environmental 
loading associated with AF coatings including passive 
leachate and SR activities. The experimental design was 
based upon integrating elements from these previous 
studies to validate the model and provide a more com- 
prehensive dataset, and better resolution of release rate 
and loading dynamics. 



Materials and methods 
Field methods 

Two copper-based AF paints were evaluated in this 
study, both containing cuprous oxide as the active ingre- 
dient to prevent fouling. The paints tested were represen- 
tative of the most commonly utilized paints for 
recreational boats in California (Port of San Diego 
2006). The first paint tested was an ablative paint con- 
taining 38% cupric oxide (wet weight), formulated with 
a controlled solubility copolymer designed to wear away 
over time to provide a fresh biocide at the surface of the 
coating. The second paint evaluated was an epoxy-based 
coating containing 65% cuprous (wet weight), formu- 
lated with a hard insoluble matrix to slowly release bio- 
cide via a diffusion-controlled process. 

Paints were applied to 45 cm x 45 cm x 0.3 cm 
fiberglass panels. The panels were laid out, wiped free of 
contaminants, primed, and painted. Four coats of paint 
were applied to the front and back of each panel, achiev- 
ing a uniform 2 mm dry film thick coverage, based on 
the wet-weight of the paint. Once dry, the panels were 
secured to fiberglass racks and exposed to natural seawa- 
ter conditions for 106 days at the SPAWAR Systems 
Center (SSC)-Pacific Harbor Research Platform System 
deployed in San Diego Bay, Cahfomia (32°42'19.28"N, 
117°14'10.08"W). Each rack contained two test panels 
deployed vertically below aim depth facing NNW. 
Each rack was configured with a single replicate of each 
coating and the position of the replicates within the 
water column varied across the racks. Passive leaching 
of total and dissolved copper was measured utilizing the 
SSC Dome technique (Seligman & Neumeister 1983) 
and the in-water hull cleaning sampling method was 
used to measure the particulate loading associated with 
cleaning activities (Chadwick et al. 2008). A high num- 
ber of dome deployments (« = 192), samples (n = 1580), 
replicates (w = 3), and strict laboratory processes and 
clean sample handling procedures were utilized through- 
out the study to understand variability and increase con- 
fidence in the results. Test paints were evaluated under 
three different cleaning scenarios, with each scenario per- 
formed in triplicate, totaling 18 panels. The first scenario 
was no-cleaning (untreated); the second scenario was 
cleaning with a soft-pile carpet, representing the Best 
Management Practice (BMP) (CPDA 2008); and the 
third scenario was cleaning with a Scotch-Brite (ID 
#70071592383) medium duty general purpose scouring 
pad (3M pad) that represents a more aggressive, non- 
BMP, cleaning method (CPDA 2008). The latter two 
cleaning scenarios were applied after exposure for 60 
days because higher release rates are associated with 
newly applied coatings and cleaning is not required dur- 
ing this initial exposure (IE) period (CPDA 2008). Total 
and dissolved passive leach rates of copper were 
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measured at various time points throughout the course of 
the experiment with the in situ dome system (SeUgman 
& Neumeister 1983; Valkirs et al. 2003). To maximize 
fouling, all panels were deployed during peak summer 
fouling conditions on 13 August 2012. Untreated panels 
were sampled on 12 separate events, starting from 1 h 
after the materials were deployed, followed by events on 
days 1, 2, 3, 5, 7, 15, 30, 45, 59, 60, and 90. Treatment 
panels were deployed concurrently with the untreated 
panels, with the evaluation of the first passive leach rate 
taking place on day 59. Panels were then cleaned using 
one of the two treatment methods (BMP or non-BMP) 
on day 60. To quantify the dissolved and particulate 
masses released during the cleaning events (CEs), three 
representative areas from each panel were cleaned using 
the in-water hull cleaning sampling device outfitted with 
the designated treatment method (ie BMP or non-BMP) 
(Chadwick et al. 2008). The remaining area of the panel 
surface was manually cleaned using the corresponding 
method. Measurements of the passive leach rate with the 
dome system were taken from the treatment panels at 
nine additional intervals, starting 1 h after the cleaning 
and followed by measurements on days 61, 62, 63, 65, 
67, 75, 90, and 106. 

The dome system and method developed by the US 
Navy (Seligman & Neumeister 1983) and described in 
detail by Seligman et al. (2001) and Valkirs et al. (2003) 
were used for evaluating passive leach rates. This system 
isolates a volume of ambient water over a surface and 
provides water circulation in a closed loop. The system 
allows for a confined volume of water to be exposed to 
the effects of leaching from a surface area with small ali- 
quots withdrawn at regular intervals. Five aliquots of 
50 ml were withdrawn from the dome at 15 min inter- 
vals (0, 15, 30, 45, and 60 min). Approximately 25 ml 
of each sample were filtered through a 0.45 |.im disc 
filter, while the remaining 25 ml were unfiltered, repre- 
senting the dissolved and total fractions respectively. 
Samples were acidified to pH <2 with quartz still-grade 
nitric acid (Q-HNO3) in a High Efficiency Particle Air 
class- 100 all polypropylene working area. 

Additional samples were taken for determination of 
the free copper ion (Cu^^) at selected time points during 
the course of the study (day 1, 60, and 61). To evaluate 
system sensitivity, on day 1, samples were collected both 
inside the dome device (referred to as 'dome' samples 
herein) and immediately adjacent to the dome (referred 
to as 'proximity' samples herein). Samples were taken 
using a peristaltic pump with acid-washed Teflon and 
C-flex tubing that was rinsed with ~ 2 1 of ambient sea- 
water before sampling. Samples were filtered in-line with 
a 0.2 |im Acropak 200 capsule filter into acid-cleaned 
500 ml FLPE bottles, placed in a cooler with ice packs 
and frozen at -20 °C at the laboratory (within 4 h). In 
order to detennine the ambient copper organic speciation 



at the time of the study, on days 1 and 60, samples were 
collected every 2 h ~ 20 m away from the study site. 
Dissolved organic carbon (DOC) samples were collected 
concurrently with ambient samples using the same 
technique as for the dissolved copper organic speciation 
samples. DOC samples were immediately acidified with 
two drops of concentrated trace metal grade hydrochloric 
acid (HCl). 

During the CE on day 60, each test panel was tested 
in triplicate utilizing the in-water hull cleaning sampling 
method (Chadwick et al. 2008). This method stipulates 
the use of a device that simulates a hull cleaning and 
provides standardization for in situ sampling of naturally 
biofouled surfaces capturing dissolved and particulate 
matter. The hull cleaning device consists of a clear poly- 
carbonate cylinder, with an inside diameter of 11.4 cm, a 
sampling area of 101.6 cm^, and a sample volume of 
1575 ml. The cylinder opening has an integrated double 
edge gasket to seal against the test surface. On the oppo- 
site end of the cylinder, a shaft passes through an 0-ring 
seal in a polycarbonate cap and attaches to a spring- 
loaded disk inside the cylinder ensuring constant pres- 
sure during sampling activities (Figure 1). The disc 
accommodates the use of any cleaning material (carpet, 
3M pad), and an exterior handle on the shaft allows 
the disc to be manually rotated for a set number of revo- 
lutions. To simulate cleaning, one revolution was deter- 
mined to provide sufficient biofouling removal without 
damaging the coating. 

Prior to each CE, new cleaning discs were stored in 
high-purity (18 MQ cm ') water Discs were installed in 
the hull cleaning device, the spring was retracted, and to 
reduce interference, the cylinder was pre-fiUed with 0.45 
micron-filtered San Diego Bay seawater and temporarily 
sealed with a clean polycarbonate sheet. The hull cleaning 
device was held ~ 1 cm above an undisturbed fouled area 




Test panel 



Figure 1. Hull cleaning sampling chamber. 
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on the test panel. The polycarbonate sheet was removed 
and the hull cleaning device was sealed against the test 
panel and held in place to ensure seal integrity. The inte- 
rior spring was released applying consistent pressure 
between the cleaning disc and the test panel surface. The 
shaft was rotated one turn at ~ 10-15 rpm. The spring was 
retracted and the polycarbonate sheet was slid between the 
test panel and the cylinder gasket (ensuring that the sheet 
did not contact the panel surface) capturing the seawater 
and associated particulate matter. The hull cleaning device 
was taken out of the water and a 25 ml aliquot was 
removed and filtered through a 0.45 \xm disc filter, 
representing the dissolved component of the CE. The 
cleaning pad and sampling apparatus were rinsed with 
0.45 [im-filtered seawater to wash off all particulates. The 
sample and associated equipment rinse water were dec- 
anted into a nonacidified plastic 2-1 sample bottle and all 
samples were stored at 4 °C until further processing. 
Between CEs, the hull cleaning device was rinsed twice 
with ambient seawater and once with 0.45 micron-filtered 
seawater. 

Laboratory methods 

Metal concentration quantification 

Quantification of metal concentrations followed trace 
metal clean sampling techniques throughout the collec- 
tion, handling, and analysis (USEPA 1996). Metal 
concentrations were measured with a Perkin-Elmer 
SCIEX ELAN DRC II inductively coupled plasma with 
detection by mass spectrometry (ICP-MS; USEPA 1994). 
As necessary, to minimize matrix-related interference, 
samples were diluted with 0.1 N Q-HNO3 made up in 
18 MQ cm"' water The diluted samples were injected 
directly into the ICP-MS via a Perkin-Ehner™ Autosam- 
pler 100, while the undiluted samples were preconcentrat- 
ed with a Perkin-Elmer™ FIAS 400 flow injection system, 
following the methodology presented by Ndung'u et al. 
(2003), and a Toyopearl AF-Chelate-650M resin from 
Tosoh Co. Analytical standards were made with Perkin- 
Elmer multi-element standard solution (PEMES-3) 
diluted in matrix-matched I N Q-HNO3, and were ana- 
lyzed at the begirming and end of each run. The analysis 
also included measurement of the Standard Reference 
Material (SRM) 1643e with recoveries within 15%. 
Replicate samples had a coefficient of variation of ^5%. 
The method limit of detection, defined as three times the 
standard deviation (SD) of the procedural blanks made of 
I N Q-HNO3, averaged 0.21 + 0.20 ^g F'. 

Dissolved copper speciation samples were gently 
thawed at -4 °C (over two days) and shaken vigorously 
before analysis. Sample aliquots of 10 ml were placed 
into 10 separate acid- washed Teflon cups (Savillex™). 
Two of the Teflon cups contained no added copper, and 
the remaining eight cups contained 1, 2.5, 5, 8, 15, 25, 



50, and 100 nM copper (0.06, 0.16, 0.32, 0.51, 0.95, 
1.59, 3.18, and 6.36 (xg F') to titrate the naturally occur- 
ring organic copper-binding ligands. Each cup was run 
using competitive ligand exchange adsorptive cathodic 
stripping voltammetry (Buck & Bruland 2005) with sali- 
cylaldoxime (SA) as the added ligand. The titration data 
were analyzed using the average and SD of a 
combination of van den Berg-Ruzic linearizations (Ruzic 
1982; van den Berg 1982) and Scatchard linearizations 
(Scatchard 1949; Mantoura & Riley 1975) to determine 
the copper-binding ligand concentrations (L) and their 
conditional stability constants (log'^cuLCu^+-'' 
centration of Cu^^ (expressed as log [Cu^^]) was calcu- 
lated from the total dissolved copper concentrations 
determined initially within the dome system {t = 0) and 
the copper-binding ligand data according to Moffett and 
Dupont (2007). Additional Cu^^ concentrations were cal- 
culated with the ligand data and the dissolved copper 
concentrations determined from ambient (pier) samples. 
Three separate titrations were completed for each sample, 
with two different concentrations of the added ligand SA 
(5 and 25 |a,M). The data presented here are from the 
titrations completed with 5 |iM SA, as this was deter- 
mined to be the appropriate competition strength given 
the concentration and strength of the ligands detected 
(detennined logaFe(SA)j/logaFe(L)^; Donat & van den 
Berg 1992). Titrations done at the highest concentration 
of SA (highest analytical window) were used as an over- 
load 'titration' to verify the internally calibrated sensitiv- 
ity (Kogut & Voelker 2001). 

For the CE, filtered samples and the particles retained 
by the filters were analyzed for metal loading. The 1.5 1 
samples collected using the in-water hull cleaning sam- 
pling method during the CE at day 60 were filtered in 
the laboratory on dried, pre-weighed 0.45 |im Nucle- 
pore filters. An aliquot of the filtered sample was col- 
lected and acidified for ICP-MS analysis. Multiple filters 
were used for filtration of the whole volume, then dried 
at 30 °C overnight and reweighed. Filters were subse- 
quently digested for analysis of total copper concentra- 
tion based on method 140.0 for the analysis of trace 
metals in marine sediments (NOAA 1998). The limit of 
detection and reporting for the digestion of the particles 
is 0.62 (xg g"' based on six replicate digestion blanks. 
The acid digestion of the particles was designed to repre- 
sent the metal associated with the surface of the parti- 
cles. Therefore, it did not entirely disintegrate the 
mineral particles, resulting in lower recoveries of SRMs. 
This was evidenced in the recoveries of the sediment 
SRMs included in the digestion. Three separate SRMs 
were analyzed in triplicate with the set of samples; these 
are the marine sediments BCSS-1, MESS-2, and 
PACS-1. Recoveries measured for these SRMs were 67, 
74, and 65%, respectively, which is a nan-ow range, in 



Biofouling 55 



spite of the fact that they cover an order of magnitude in 
copper concentration range (18.5, 39.3, and 452 ^g g"\ 
respectively). 

Leaching rate calculations 

Leach rate estimates were derived from the time variants 
of individual ICP-MS copper concentrations for each 
dome deployment. Initial dome volumes were approxi- 
mately 2.8 1. Volumes were corrected for water removed 
throughout the 1 h testing period. The measured copper 
concentration multiplied by the system volume equals 
the total Cu mass in the system. These mass values were 
then regressed against time (samples were taken at 0, 15, 
30, 45, and 60 min) to calculate a daily release rate 
using the slope of the fitted line. Values were normalized 
to the surface area of the test panel covered by the dome 
resulting in a final Cu release rate in |j,g cm ^ d For 
each set of dome deployments, copper release over time 
was linear with values fi^om all regressions >0.95. 



Cumulative copper loading 

The cumulative copper loading (CL) over a given time 
interval (xo,x„) can be approximated from the measure- 
ments of leach rate {R) using the following equation: 



CL„..Bx,-,,)^(M±*l) 

R{x,)+R{x2) , 



+ {X2 -Xl)- 
H~ (-^rt ^n— 1 ) 



7?(x„_i) +R{Xn) 



(1) 



where, 

CL;i„ .i^ = the cumulative copper loading (|ig cm"^) 
fi'om day xq through x„. 

xo,x„ = a series of consecutive time points (days) 
during which measurements of release rate were made 
beginning with day xq and ending with day x„. For 
example, untreated panels were sampled on 12 separate 
events, starting from 1 h after the materials were 
deployed (0.042 day or 1/24 day), followed by events on 
days 1, 2, 3, 5, 7, 15, 30, 45, 59, 60, and 90. 

R{x„) = the measured release rate ((xg cm"^ d"') for 
time point x„. 

With respect to the curves of AF release rate, care 
should be taken to have an adequate number of sampling 
points early in the generation of curve (two to three sam- 
pling events each week for the first two weeks) to accu- 
rately capture the shape of the curve during this highly 
dynamic period. 

Paint life cycle loading estimates 

Copper loading estimates over the course of the paint life 
cycle were made by combining leach rate data and 



cleaning data. Four different loading variables were 
established based on a combination of leach rate 
dynamics, coating performance, and boat usage factors: 
(1) IE: Cumulative copper released as leachate due to IE 
of a newly painted boat. Typically, throughout the 
industry, boats are not cleaned for a certain amount of 
time following new painting because the higher leach 
rates preclude the requirement for cleaning (CPDA 
2008). For this study, IE is equal to the cumulative cop- 
per release from the untreated panels for the first 60 days, 
where IE = CLo^eo untreated panels. (2) Pseudo-Steady 
State (PSS): A PSS is an average release rate 
(|a,g cm"^ d ') from hull leachate over a period of time 
when rates have stabilized to an asymptotic low. Specifi- 
cally, this is at least 24 days and contains four or more 
data points where the arithmetic mean between two con- 
secutive points differs from the final calculated weighted 
mean release by not > 15% (ASTM 2006). Building 
from Equation 1, the PSS can be calculated by the 
following: 



PSS, 



CL, 



(2) 



(3) SR: Any action that refreshes the paint surface 
resulting in particulate release and/or a subsequent 
increase in leachate. This may include hull cleaning 
activities (SRce) or normal boat usage where fouling is 
removed while the boat is underway (SRb). The SR 
values represent dissolved and particulate copper 
released as a direct result of the activity. For this study, 
SRcE represents dissolved and particulate copper 
released as a direct result from BMP and non-BMP 
cleaning activities collected using the hull cleaning 
sampling chamber (Figure 1). (4) Leachate (L): Cumula- 
tive copper release due to leachate following a SR 
event. The L value is unique to the SR type, and the 
duration used to calculate L depends on the frequency 
of the SR event. For example, Lce„ is the cumulative 
release for n days following a CE, after which another 
SR event would occur or a PSS is established. Simi- 
larly, Lb„ is the cumulative release for « days following 
boat usage, after which another SR event would occur 
or a PSS is established. 

The total copper loading based on the life cycle of a 
paint can be estimated using the above variables with the 
following equation: 

Life cycle loading^ = IE + (Lce, x A) + (Lcej x B) 
+ • • • + (LcE„ X C) + (Lb, X D) + (Lb, x E) • • • 
+ (Lb„xF) + (SRcex(A + B + C)) 
+ (SRb x (D + E + F)) + PSS (3) 
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where, 

Life cycle loadingj-^, = cummulative copper release 
(|j,g cm"^) between time points x and y. Days x, y repre- 
sent the time interval between hull painting during which 
the coating is exposed to water. 

LcE, , LcEj , LcE„ ^ L following regularly scheduled 
CEs between different time intervals CEj, CE2, ... CE„. 

Lb, , Lb2 , Lb„ = L following boat usage between time 
intervals Bj, B2, ... B„. 

A, B, C = the number of times events 
LcE, , LcE2 1 LcE„, occur between days x and y. 

D, E, F = the number of time events Lb,,Lb2,Lb„ 
occur between days x and y. 

For this study, several assumptions were made to 
calculate the life cycle loading: the time between vessel 
painting was based on a typical paint life cycle of three 
years. Only SR related to CEs was considered SRce 
and did not consider boat usage because that was 
outside the scope of the original project. Two cleaning 
frequencies were established based on the average 
cleaning schedule in San Diego Bay (Port of San 
Diego 2011) of every three weeks (21 days) during the 
summer months of June, July, and August and every 
four weeks (28 days) during non-summer months. 



resulting in Lce2i and LcEjg- This study established that 
the coating was applied during the winter, resulting in 
12 CEs during the first year (8 nonsummer, and 4 sum- 
mer) and 14 CEs during the subsequent years (10 
non-summer and 4 summer). The magnitude of copper 
release related to the individual CEs did not decrease 
with time. A PSS was never reached because of the 
frequency of CEs. Therefore, the estimated life cycle 
loading is: 



Life cycle loadingo 10 



IE + (LcE X 12) + (LcE X 28) 
+ (SRcE X 40) (4) 



A graphical representation of the loading scenario is 
presented in Figure 2. 

Additionally, a loading scenario was calculated 
based on no SR events, assuming no CEs and no boat 
movement. This scenario was considered unrealistic, but 
represented a minimum loading threshold value for the 
coating. The loading scenario was based on release 
rates during the IE period and the PSS release rate. 
The no cleaning/no movement loading was calculated 
as: 



Summer 




Day 



Figure 2. Graphical representation of leach rates under different loading scenarios: IE, 28 and 21 -day life cycle loading (LcE2g 
LcE2, )i and SR from cleaning activities (SRce)- 
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No cleaning/no movement;^^, = lEv;, + PSSfc+i,j, Results 

X (j — {b+ I)) = IEo.60 In situ leach rates of copper and loading inputs 

+ PSS6i,io95 X (1095 - 61) (5) Initial exposure 

Following IE, release rates from the untreated panels for 
both the epoxy and ablative paints measured using the 
in situ dome method are shown in Table 1. The epoxy 
coating on the untreated panels showed an initial 
increase in dissolved copper release rates from day zero 



Table 1. Dissolved and total copper release rates from the untreated epoxy and ablative panels. 



Release rate |ig Cu cm ^ d 



Day 




Epoxy untreated 






Ablative untreated 






Dissolved 




Total 




Dissolved 




Total 


Mean 


Stdev 


Mean 


Stdev 


Mean 


Stdev 


Mean 


Stdev 


0 


24.7 


5.77 


25.4 


5.77 


9.18 


0.69 


11.3 


2.12 


1 


36.1 


11.8 


37.0 


10.2 


20.6 


3.54 


21.2 


2.92 


2 


32.6 


8.0 


34.7 


10.2 


35.6 


17.1 


37.4 


17.7 


3 


43.9 


9.9 


46.4 


9.03 


46.6 


16.3 


50.6 


18.7 


5 


38.2 


4.42 


41.3 


5.54 


43.7 


7.77 


44.1 


5.56 


7 


42.9 


13.6 


46.7 


11.3 


37.3 


1.21 


39.1 


2.32 


15 


10.2 


3.44 


11.5 


3.60 


11.1 


4.41 


13.3 


6.06 


30 


3.09 


0.39 


3.37 


0.31 


3.02 


0.5 


3.97 


1.62 


45 


4.47 


0.47 


5.65 


1.31 


3.47 


0.98 


4.21 


1.10 


60 


2.95 


0.46 


3.45 


0.80 


3.70 


1.08 


4.02 


0.84 


92 


3.05 


0.44 


3.59 


0.70 


3.00 


0.62 


4.39 


0.5 



Note: Release rates from day 0 were initiated 1 h after initial deployment. 
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Figure 3. Dissolved and total copper release rates from untreated epoxy-coated panels measured by the in situ dome method. 
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through day three from 24.7 to 43.9 (xg cm" d" 
(Figure 3). Release rates remained at peak values until 
day 7 and then rapidly declined between days 7 and 15, 

on 

on day 15. Values continued 



when rates rapidly dropped from 42.9 |ig cm ^ d ' 



day 7 to 10.2 (xg cm ^ d ' 



to decline through day 30 to 3.1 |j,g cm"^ d Release 
rates appear to reach a PSS from about day 30 through 
day 92 where values remained stable between 3.1 and 
4.5 \ig cm"^ d"\ The calculated average PSS release rate 
for the replicate panels from day 30 through 92 for the 
epoxy coating was 3.36 and 4.01 ^g cm"^ d"', dissolved 



and total copper, respectively. The ratio of dissolved to 
total copper release rates was similar across all sampling 
days, with a mean dissolved:total ratio of 0.91. 

The untreated panels for the ablative coating exhib- 
ited a similar release rate pattern. There was an initial 
increase in dissolved copper release rates from day zero 
through day three from 9.2 to 46.6 |j,g cm"^ d ' 
(Figure 4). Release rates then began a steady decline to 
11.1 |j,g cm ^ d ' on day 15. Values continued to decline 
through day 30 to 3.0 |ig cm ^ d after which a PSS 
was achieved. Release rates from day 30 to day 92 were 
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Figure 4. Dissolved and total copper release rates from untreated ablative coated panels measured by the in situ dome method. 



Table 2. Dissolved and total copper release rates for the BMP and non-BMP epoxy and ablative panels. 

Release rate |ig Cu cm ^ d ' 



Epoxy BMP 


Epoxy non-BMP 


Ablative BMP 


Ablative non-BMP 


Dissolved Total 


Dissolved Total 


Dissolved Total 


Dissolved Total 



Day Mean Stdev Mean Stdev Mean Stdev Mean Stdev Mean Stdev Mean Stdev Mean Stdev Mean Stdev 



59 


3.98 


1.76 


4.61 


1.40 


2.82 


1.04 


3.68 


1.05 


3.58 


1.73 


4.77 


2.03 


3.08 


0.80 


3.59 


0.64 


CE on day 60 






























60 


10.4 


2.45 


12.5 


1.48 


22.6 


8.37 


26.8 


10.9 


13.9 


0.84 


15.4 


1.84 


20.0 


7.26 


24.2 


8.15 


61 


9.19 


3.01 


10.9 


3.45 


25.8 


9.43 


28.5 


10.8 


13.2 


0.44 


14.3 


0.69 


24.6 


2.70 


25.6 


3.11 


62 


9.18 


2.45 


11.5 


2.48 


18.4 


1.89 


19.9 


2.76 


13.8 


0.40 


15.1 


1.00 


33.9 


2.17 


34.4 


2.57 


63 


8.97 


2.18 


10.8 


1.73 


11.0 


1.58 


12.2 


1.74 


8.54 


0.12 


9.46 


0.58 


16.4 


1.64 


21.5 


8.99 


65 


6.90 


2.02 


8.87 


0.69 


8.71 


1.77 


9.92 


2.26 


6.01 


0.50 


6.87 


0.67 


10.5 


2.07 


11.5 


2.03 


67 


7.16 


0.33 


8.27 


0.61 


8.74 


0.44 


9.25 


0.78 


7.23 


0.53 


7.90 


0.28 


10.1 


0.96 


11.8 


0.93 


75 


5.91 


1.24 


6.67 


1.19 


6.94 


0.37 


7.17 


0.97 


6.00 


0.30 


6.60 


0.71 


7.91 


0.83 


7.98 


0.72 


92 


2.51 


0.38 


2.82 


0.40 


2.46 


0.20 


2.90 


1.02 


2.93 


1.34 


3.22 


1.46 


2.33 


0.32 


2.68 


0.69 


106 


4.09 


1.33 


4.68 


1.39 


1.78 


0.34 


1.95 


0.12 


2.14 


0.68 


2.41 


0.62 


1.53 


0.06 


2.19 


0.50 



Biofouling 59 



Epoxy coating: treatment panels 

40 T = 




0 I I I I I 1 1 I ■ I I I I I I I I I I I 1 i I I ■ I I I 

55 65 75 85 95 105 

Day 



Figure 5. Release rates from BMPs and non-BMP freated epoxy coated panels measured using the in situ dome method. Dissolved 
and total copper concentrations are shown. 




Figure 6. Release rates from BMPs and non-BMP freated ablative coated panels measured using the in situ dome method. Dissolved 
and total copper concentrations are shown. 



60 P.J. Earley et al. 



between 3.0 and 3.7 |ig cvcT^ d \ The calculated 
average PSS release rate for the replicate panels from 
day 30 through day 92 for the ablative coating was 3.38 
and 4.16 ^g cm"^ d"\ dissolved and total copper, 
respectively. The ratio of dissolved to total copper 
release rates was similar across all sampling days, with a 
mean dissolved/total ratio of 0.88. 



Leachate (L) 

Release rates from the treatment panels for both paints, 
before and after CE (SRce)^ are shown in Table 2. 
Dissolved copper release rates measured before the CE 
on treatment panels on day 59 for both paints were 
between 2.8 and 4.0 |ig cm ^ d T-test comparison to 
data from untreated panel release rates on day 60 showed 
no significant difference between the sets of panels. 
Following the CE on day 60, the BMP and non-BMP 
treated panels exhibited similar trends in release rates as 
the untreated panels for their IE. Total copper release 
rates showed an initial increase during the first 2- 
3 days following the CE, with a drop back to PSS 
approximately 30 days post cleaning (Figures 5 and 6). 
The magnitude of the release rates differed between the 



BMP and non-BMP test treatments for both paint types. 
The epoxy paint had peak dissolved release rates of 25.8 
and 10.4 (ig cm"^ d"' for the non-BMP and BMP paints, 
respectively. The ablative paint had peak release rates of 
33.9 and 13.9 \yg cirT^ d"' for the non-BMP and BMP 
paints, respectively. 

CE total and dissolved mass loading 

Prior to cleaning, all panels were observed to have a thin 
biofilm layer and microalgal fouling on them with no hard 
fouling or large macrofauna present. Loading of dissolved 
and particulate copper due to active cleaning of the bio- 
fouling was quantified on day 60 with the in-water hull 
cleaning sampling method (Chadwick et al. 2008). Proce- 
dural blanks indicate a negligible contribution from the 
cleaning material to the copper load released (Figure 7). 
Application of the BMP treatment resulted in similar 
dissolved and particulate mass loading of copper released 
(|ig cm ^ event ') from both paints. The mean dissolved 
copper released was 1.84 and 1.77 |ig cm ^ event ^ for 
the ablative and epoxy paints, respectively. The release of 
particulate copper was 11.3 and 10.4 |a,g cm"^ event"' for 
the ablative and epoxy paints, respectively (Figure 7). For 



□ Dissolved copper 
■ Particulate copper 



Epoxy BMP 



Epoxy non-BMP 



Ablative BMP 



Ablative non-BMP 



Figure 7. Mass of dissolved and particulate copper (|ig cm ^ event ') released after the BMPs and non-BMP treatments from the 
epoxy and ablative coatings. Samples were collected in triplicate with the in-water hull cleaning sampling device from each panel. 
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the non-BMP treatment, the mean copper release was 3.84 
and 6.06 |j,g cm"^ event" ^ dissolved and 28.3 and 
66.6 [ig citT^ event" ^ particulate for the ablative and 
epoxy paints, respectively (Figure 7). 



CE speciation studies 

Total dissolved copper concentrations determined outside 
the paint panel area (ambient pier samples) ranged from 
12.97 to 22.04 nM (0.82-1.4 (xg F'). The copper-bind- 
ing ligand concentrations ranged from 15.15 to 
81.74 nM (0.96-5.20 (xg F'), comprising 0.02-0.04% of 
the total DOC pool (Table 3). The strengths of the ambi- 
ent ligands (conditional stability constant, \ogK'j^^^^^^+) 
were very similar on all days sampled, ranging from 
12.07 to 12.48. Calculated log[Cu^^] values in the 
ambient samples were below the toxicity threshold for 
copper (—11) in the marine environment (Brand et al. 
1986), with values ranging from —11.35 on day 1 of the 
sampling to a range of -12.80 to —12.39 on day 60. 

Samples collected within the study region contained 
higher concentrations of copper-binding ligands compared 
to ambient samples. Higher ligand concentrations, and 



excess ligand (eL) concentrations (defined as [L]-[Cu], 
Table 3), near the painted panels resulted in free copper 
concentrations that were relatively similar to the ambient 
levels on day 1, with log[Cu^^] ranging from —11.56 to 
— 11.82 (—11.35 for ambient on day 1). Slightly higher free 
copper was calculated in samples collected from within 
the in situ dome on day 1 (—10.19 to -11.07). 

On day 60, the ablative and epoxy-painted controls 
displayed a similar range of free copper concentrations 
(-11.23 to -12.70) as on day 1 (-11.56 to -11.82), 
below the toxicity threshold for copper (?-test, p < 0.05; 
Table 3, Figure 8). After the CE, free copper concentra- 
tions increased for the treated panels on day 60, with all 
treatments exceeding the toxicity threshold for copper 
(Table 3, Figure 8). The average log[Cu^^] concentra- 
tions in the two non-BMP treatments were significantly 
different from ambient samples on day 60 (?-test, 
p < 0.002) with average log[Cu^^] equal to -10.18 ± 
0.29 and —9.62 ± 0.25 in the ablative and epoxy treat- 
ments, respectively (Figure 8). The BMP panels on 
average contained significantly elevated free copper con- 
centrations compared to ambient samples (Mest, 
p < 0.02), with average free copper concentrations in 



Table 3. Treatment type, day, dissolved copper concentration (nM), free copper (Iog[Cu^^], ligand concentration (nM), logK'^"^^ 
and DOC concentration (|iM) data from days 1, 60, and 61. 



Treatment 


Day 


[Cu] nM 


log[Cu^1 


[L] nM 


logK 


DOC [iM 


Ambient 




14.38 


-11.35 


15.15 


12.26 


76.75 


A Untreated 1 




204.5 


-11.82 


243.3 


12.54 


76.63 


A Untreated 2 




204.5 


-11.07 


159.7 


13.08 




E Untreated 1 




604.4 


-11.56 


621.8 


13.08 


73.81 


E Untreated 2 




604.4 


-10.19 


597.1 


12.22 




Ambient 


60 


12.97 


-12.80 


81.74 


12.07 


184.0 


Ambient 


60 


14.05 


-12.39 


25.35 


12.48 


114.6 


Ambient 


60 


22.04 


-12.41 


69.44 


12.08 


115.4 


A Untreated 1 


60 


300.2 


-11.46 


300.2 


14.08 




A Untreated 2 


60 


307.6 


-12.70 


326.4 


13.91 




E Untreated 1 


60 


262.7 


-11.23 


263.3 


13.39 




E Untreated 2 


60 


94.64 


-11.98 


115.2 


12.64 




A BMP 1 


60 


370.7 


-8.98 


159.7 


11.96 




A BMP 2 


60 


417.2 


-10.45 


412.2 


12.75 




E BMP 1 


60 


218.6 


-9.85 


190.5 


12.46 




E BMP 2 


60 


372.5 


-10.33 


363.3 


13.62 




A non-BMP 1 


60 


464.7 


-9.97 


443.9 


12.91 




A non-BMP 2 


60 


599.7 


-10.38 


592.6 


13.05 




E non-BMP 1 


60 


441.7 


-9.80 


410.0 


12.89 




E non-BMP 2 


60 


624.3 


-9.45 


553.3 


13.11 




A BMP 1 


61 


377.7 


-9.77 


344.0 


13.72 




E BMP 1 


61 


645.2 


-9.55 


589.1 


13.43 




A non-BMP 1 


61 


267.5 


-9.32 


287.9 


12.45 




E non-BMP 1 


61 


550.8 


-9.21 


545.2 


13.03 





Notes: Ambient data represent samples collected outside the paint panel area, reflecting ambient copper and copper-binding ligand concentrations in 
San Diego Bay. Ablative (A) and epoxy (E) represent two treatments, of either the BMP or non-BMP cleaning methods. All samples were taken out- 
side the dome device, except for A and E untreated 2 on day 1 . 
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the ablative treatment equal to -9.71 ± 1.04 and 
— 10.09 ± 0.34 in the epoxy paint treatment (Figure 8). 
Dissolved copper concentrations exceeded ligand concen- 
trations (negative excess ligand concentrations, Table 3) 
in the treated panels, indicating the ligand pool was com- 
pletely titrated with copper in those treatments, leading 
to the high [Cu^^] observed. 



Similar results to those observed after the CE on 
day 60 were obtained on day 61, 24 h after the CE 
(Table 3). The fi'ee copper concentrations calculated 
on day 61 in each of the treatments were within the 
range observed on day 60. These concentrations of 
Cu^^ were significantly different from the average 
ambient free copper concentrations observed on day 




Toxicity threshold 



^ ^ 

^ <>^ <1!^ A*-" .6 



o.^" o^^ o.^" ..^^ 



Figure 8. Average free copper (log[Cu concentrations on days 1, 60, and 61 {n = 1 on day 1 for the ambient and on day 61) in 
all treatments. The dashed line denotes the toxicity threshold for free copper in the marine environment (Brand et al. 1986). The * 
denotes statistical significance from the ambient for that sampling day at the 95% confidence interval (Mest), except in the case of 
day 61 when no ambient sample was taken. BMP and non-BMP denotes the BMPs, A denotes ablative coating, and E denotes epoxy 
coating. 



Table 4. Calculation of input variables in life cycle loading. 



Epoxy paint Ablative paint 





Duration 


Dissolved 


Total 


Dissolved 


Total 


Loading scenario 


(days) 


Cu |ig cm^^ 


Cu |ig cm"^ 


Cu |ig cm"^ 


Cu |ig cm"^ 


Initial exposure (IE) 


60 


690 


763 


657 


730 


Leachate summer (Lcej, ): BMP 


21 


142 


166 


151 


167 


Leachate summer (Lcej, ): Non-BMP 


21 


197 


213 


237 


260 


Leachate non-summer (LcEas)- BMP 


28 


165 


192 


177 


195 


Leachate non-summer (Lcejs)' Non-BMP 


28 


222 


240 


263 


287 


Surface refreshment cleaning event (SRce): BMP 


N/A 


1.77 


10.4 


1.84 


11.3 


Surface refreshment cleaning event (SRce): 


N/A 


6.06 


66.6 


3.84 


28.3 


Non-BMP 
















Cu 


Cu 


Cu 


Cu 






|j.g cm^^ d^' 


|ig cm^^ d^' 


|ig cm ^ d ' 


|ig cm ^ d ' 


Pseudo-Steady State (PSS) 


N/A 


3.36 


4.01 


3.38 


4.16 



Note: PSS release rates calculated from the untreated panels. PSS rates were calculated from released rates measured on days 30 through 92. 
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60 (Mest, p < 0.002; Figure 8). Ligand concentrations Life cycle loading estimates 

were lower than the dissolved copper concentrations Cumulative release was calculated for the input variables 
in all treatments on day 61, conti-ibuting to the high ugg^ estimate life cycle loading over a three-year per- 
free copper concentrations calculated on that day io^j (jable 4). During the initial paint exposure period of 
(Table 3). 5q ^j^ys, the epoxy coating released 690 |j,g cm ^ dis- 

solved copper and 763 |ig cm"^ of total copper, while 
the ablative coating released 657 \ig cmT^ dissolved 
copper and 730 \ig crrT^ total copper. The hull leachate 

Table 5. Estimates of life cycle loading for epoxy and ablative coatings using no cleaning/no movement, BMP and non-BMP 
scenarios. 







No cleaning/no movement 




BMP 


Non-BMP 






Dissolved 


Total 


Dissolved 


Total 


Dissolved 


Total 


Coating 


3 year life cycle loading 


Cu |ig cm"^ 


Cu |ig cm"^ 


Cu |ig cm" 


^ Cu |ig cm"^ 


Cu |ig cm"^ 


Cu |ig cm"^ 


Epoxy 


Leachate 


4,170 


4,913 


7,013 


8,136 


9,274 


10,037 




Cleaning 






71 


416 


242 


2,664 




Total 


4,170 


4,913 


7,084 


8,552 


9,517 


12,701 




% load from cleaning 


0% 


0% 


1% 


5% 


3% 


21% 


Ablative 


Leachate 


4,157 


5,030 


7,431 


8,188 


10,870 


11,885 




Cleaning 






74 


452 


154 


1132 




Total 


4,157 


5,030 


7,504 


8,640 


11,023 


13,017 




% load from cleaning 


0% 


0% 


1% 


5% 


1% 


9% 



Note: Values calculated from Equation 4. 



14,000 




Epoxy NC/NM Epoxy BMP Epoxy non-BMP ABL NC/NM ABL BMP ABL non-BMP 



Figure 9. Life cycle loading values for the epoxy and ablative coatings under different cleaning scenarios. NC/NM = no cleaning/no 
movement. ABL = ablative coating. 



64 P.J. Earley et al. 



summer and non-summer variables were calculated using 
the cumulative release over 21 and 28 days, respectively, 
following the CE on day 60, equating to days 81 and 
88, respectively. Release rate measurements were not 
taken at these specific time intervals, but rather on days 
75 and 92. Release rates for days 81 and 88 were extrap- 
olated from the day 75 and 92 data. Hull leachate during 
the summer cleaning scenario (Lceji) for the epoxy coat- 
ing released 142 \ig cvcT^ dissolved copper 
(166 |xg cm ^ total) using the BMP method, and 
197 \yg cmT^ dissolved copper (213 |ig cm"^ total) was 
released using the non-BMP method. The Lceji values 
for the ablative coating were 151 |ig cm^^ dissolved 
copper (167 (xg cm"^ total) using the BMP method and 
237 ng cm"^ dissolved copper (260 (ig cm"^ total) using 
the non-BMP method. Corresponding values for the 
LcE2g input can be found in Table 4. 

Estimated life cycle loading values based on a 
three-year period are presented in Table 5 and in 
Figure 9. The dissolved copper loading under the no 
cleaning/no usage scenario was 4170 |j,g cm ^ for the 
epoxy coating and 4157 |j,g cm^^ for the ablative 
coating. Although this is an unrealistic representation of 
loading, it provides the minimum baseline environmental 
loading associated with each paint. The epoxy coating 
had an estimated three-year dissolved copper loading 
of 7084 \ig cmT^ for the BMP treatment and 
9517 (j.g cm"^ for the non-BMP treatment. The ablative 
coating had an estimated three-year dissolved copper 
loading of 7504 ^g cm"^ for the BMP and 
11,023 |ig cm ^ for the non-BMP. For the epoxy coat- 
ing, utilizing the BMP vs non-BMP resulted in a reduc- 
tion of 26% dissolved copper loading and a 33% lower 
total copper loading than the non-BMP. For the ablative 
coating, utilizing the BMP methodology resulted in a 
32% lower dissolved copper loading and a 34% lower 
total copper loading than the non-BMP. 

Discussion 

Copper release rates measured in this study had similar 
temporal trends compared to previous paint exposure 
experiments (Seligman et al. 2001; Valkirs et al. 2003; 
ASTM 2006; ISO 2007b). There was an initial increase 
in copper release for three days immediately following 
exposure to seawater, followed by a rapid decrease in 
release rates for about four days, ultimately reaching an 
asymptotic PSS value after about 30 days. This pattern 
was observed for both the epoxy and ablative paints dur- 
ing the IE as well as following the BMP (soft pile car- 
pet) and non-BMP (3M™ Pad) CEs. Peak release rates 
differed between the various loading scenarios with IE 
having the highest of about 50 |j,g cm ^ day followed 
by non-BMP treatment at ~ 35 |j,g cm ^ day and the 
BMP treatment having the lowest at ~ 10 (ig cm"^ day^'. 



Although the magnitude of copper release varied, the 
time to reach a PSS appears to be similar. For both 
paints and all three loading scenarios, a PSS appears to 
be reached about 30 days post event. Peak release rates 
for both the epoxy and ablative coating were ~ 2.5x for 
the non-BMP vs the BMP method. This difference trans- 
lates into cumulative dissolved copper loading during a 
three-week summer cleaning cycle of 135 |ig cm"^ 
(BMP) and 1 89 \ig cvcT^ (non-BMP) for the epoxy coat- 
ing, and 146 |j,g cm ^ (BMP) and 227 |ig cm ^ (non- 
BMP) for the ablative coating. Although no measure- 
ments of release rate were made related to dynamic 
panel movement (ie simulated boat operation) causing 
SR, Lindner (1993) found similar release rate trends, in 
terms of magnitude and periodicity, as those observed 
with the CE in this study. 

In situ leach rate results from this study were similar 
to past research results examining ablative and epoxy AF 
paints utilizing the dome method (Seligman et al. 2001; 
Valkirs et al. 2003; Schiff et al. 2004). Schiff et al. 
(2004) presented release rate data for two copper-based 
AF coatings and a biocide-free coating over a 28-day 
study. Seligman et al. (2001) and Valkirs et al. (2003) 
looked at static and dynamic release rates of nine 
copper-based AF coatings under laboratory and in situ 
conditions over two years. Focusing on the epoxy-based 
coating common to all studies, Schiff et al. (2004) found 
peak copper release rates observed one day after cleaning 
of ~ 18 |ig cm"^ d ' for an epoxy based paint. Seligman 
et al. (2001) and Valkirs et al. (2003) reported peak 
release rates ranging from ~ 18 to 30 |j,g cm ^ d 'for an 
ablative coating measured on various test panels. The 
results presented herein fall within the range of previ- 
ously reported data with peak dissolved copper release 
rates ranging from ~ 10 to 47 |xg cm"^ d ' following ini- 
tial paint exposure or the CE, depending on coating type 
and cleaning method. Lindner (1993), Seligman et al. 
(2001) and Valkirs et al. (2003) showed that release rates 
due to dynamic exposures were similar in magnitude to 
release rates following initial paint exposure. Therefore, 
it is reasonable to assume that the release rates following 
SR due to CEs would be similar in magnitude to release 
rates measured following either dynamic refreshment or 
vessel movement. The SR capacity of a coating is 
assumed to be an inherent function of the paint and sub- 
sequent copper release is tied to cleaning schedule, BMP 
method selection, and boat usage. This study additionally 
sought to gain a better resolution of copper release rates 
during the most volatile timeframe of the first few days 
after exposure or SR by measuring leach rates from 
triplicate panels as well as including time points 1 h after 
exposure and on days one, two, and three, etc. 
Immediately following paint exposure or SR, there 
appeared to be inherent variability associated with paint 
acclimation as indicated by the large SD within replicate 
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samples during this time. This variabihty may be due to 
small-scale differences in biofilm development, as initial 
surface colonizing bacteria are reported to be highly 
active during the first 72 h of exposure (Dang & Lovell 
2000; Stoodley et al. 2002; Jones et al. 2007). The 
physico-chemical surface properties of the coating 
become modified as the biofilm develops (Dang et al. 
2008). This rapid change in surface properties may affect 
copper release. As the microbial biofilm becomes more 
established, the inter-replicate variability decreases. 
The rate at which initial colonization takes place may 
drive replicate variability during the initial week of 
exposure. 

Copper release from the CE was consistent with 
previous studies that investigated loading related to under- 
water hull cleaning using BMP and non-BMP methods 
(Schiff et al. 2004; Port of San Diego 2006). Schiff et al. 
(2004) presented estimates of copper release rates follow- 
ing BMP and non-BMP methods for epoxy and hard vinyl 
coatings. Panels were placed in a plastic bin, cleaned, and 
then removed. Particulate matter within the bin was 
allowed to settle for 1 h and then a water sample was col- 
lected for dissolved copper. Schiff et al. (2004) do not pro- 
vide an estimate of total copper concentrations associated 
with particle release during the cleaning. The Port of San 
Diego (2006) study estimated dissolved and particulate 
copper release from common in-water hull cleaning prac- 
tices. The study design for the Port paper included three 
AF coatings (epoxy based, vinyl-based, and ablative) with 
three different cleaning materials (soft carpet, medium 
scour pad, and moderately aggressive nylon brush) at two 
time intervals, one month and three months. The cleaning 
device and process in the present study was identical to 
the Port of San Diego (2006) study, with the exception 
that the Port study obtained samples directly from boat 
hulls having variable aged paints while this study 
employed newly painted panels. Focusing on the epoxy 
coating common to all three studies, the data presented 
herein are in closer agreement to those found in the Port 
study. Dissolved copper concentrations reported in the 
present study were 1.77 |j,g cm ^ event ^ for the BMP and 
6.06 |ig cm ^ event ^ for non-BMP. The Port study 
reports 3.8 |j,g cm"^ per event for the BMP and 
8.1 |J,g cm"^ per event for the non-BMP after one month, 
while Schiff et al. (2004) report 8.57 and 
17.45 |ig cm"^ event^'for the BMP and non-BMP, respec- 
tively. Data obtained following the three-month cleaning 
reported in Port study where only slightly higher at 3.9 
(BMP) and 10.5 (non-BMP) (xg cm"^ event"' dissolved 
copper. The higher values reported by Schiff et al. (2004) 
are most likely due to differences in cleaning/sampling 
methodologies. The present study and the Port study both 
collected samples immediately following a cleaning, while 
Schiff et al. (2004) waited an hour after sampling when 
removed particles may have continued to leach copper 



into the collection vessel holding seawater Additionally, 
in terms of true CE contribution, the Schiff et al. (2004) 
estimates do not take into account the total particulate 
load, only dissolved copper Particulate copper emissions 
from the present study were in agreement with results 
reported from the Port study (2006). The results indicate 
total particulate copper released during the CE from the 
epoxy coating was 10.4 and 66.6 |j,g cm"^ event"', for the 
BMP and non-BMP, respectively. Whereas, the Port study 
reports 8.9 and 47.2 [ig cm ^ event ', for the BMP and 
non-BMP, respectively, at one month, and 13.4 and 
62.1 (xg cm"^ event"' for the BMP and non-BMP, 
respectively, at three months. 

During the CE, the mass of dissolved and particulate 
copper released was dependent on the cleaning procedure. 
In the case of the BMP scenario, the mass of copper 
released was identical for the two AF coatings tested 
with a mean of 1.81 \xg cm"^ event"' dissolved 
and 11 |J.g cm"^ event"' particulate. In contrast, when the 
non-BMP treatment was applied, the amount of 
dissolved and particulate copper released varied between 
the two coating types. The epoxy paint released 
6.06 |a,g cm"^ event"' dissolved, with a particulate release 
of 66.6 (xg cm"^ event"', while the ablative paint released 
3.84 (xg cm"^ event"' dissolved copper and 
28.3 |xg cm"^ event"' particulate copper (Figure 7). The 
BMP practice is meant to lessen impacts to the paint 
surface and reduce copper loading by minimizing particu- 
late release. The low values and similarity within the 
dissolved and particulate releases observed with the BMP 
procedure suggest that these loading values may be repre- 
sentative of the copper concentration in the biofilm on the 
coating. In contrast, the larger values and greater disparity 
between the dissolved and particulate releases measured 
with the non-BMP treatment suggest an additional loading 
contribution directly from the coating. The differences 
between total particle loads from the two paint types may 
be explained by characteristics inherent to the flmction of 
ablative and epoxy-based coatings that utilize different 
physical and mechanical properties to release copper to 
reduce biofouling. Additionally, the copper content in the 
epoxy coating was comprised of 68% cuprous oxide, 
whereas the ablative paint had a cuprous oxide content of 
38%. The results of this study suggest that the BMP clean- 
ing method mostly affects the biofilm and growth on the 
surface of the coating, while the non-BMP method 
abrades into the AF paint itself. 

Dissolved, total, and free copper [Cu^*] 

Dissolved and total copper were measured throughout 
the present study and were found to be closely related 
across the sample analyses. Most of the following 
discussion points are focused on the dissolved fraction 
of the metal because it more closely approximates the 
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bioavailable fraction of metal in the water column than 
the total fraction (USEPA 1993). A significant differ- 
ence between the total and dissolved copper measure- 
ment was associated with the CEs. Considering the 
three-year scenario, the copper loading associated with 
BMP CEs for both epoxy and ablative paints contrib- 
uted ~ 5% of the overall particulate (total) and 1% of 
the overall dissolved copper. For non-BMP CEs, the 
loading values for the two paints were different. The 
overall copper loading associated with the ablative paint 
contributed ~ 9% particulate (total) and 1% dissolved 
copper, and for the epoxy paint the overall copper load- 
ing was 21% particulate (total) and the dissolved load- 
ing was 3% copper (Table 5). These data show that the 
individual BMPs and type of paint have significant 
impacts on the overall environmental loading. The use 
of BMPs contributes one third of the amount of partic- 
ulate loading compared to the use of non-BMPs. 

It is important to take into consideration that the 
release of copper, either in the dissolved or particulate 
phases, to the marine environment is subject to complex 
environmental processes (Morel 1983; Rivera-Duarte & 
Flegal 1997). Depending on the size of the particles, 
particulate copper will be affected by dissolution pro- 
cesses, but particles should fall through the water col- 
umn relatively quickly and settle on the surface of the 
sediment. Dissolved copper released from the paints 
should remain longer in the water column, where it will 
speciate according to ambient conditions. The chemical 
speciation theory in general and the free ion model 
(Morel & Bering 1993) in particular describe the 
dynamics of copper distribution in natural marine 
waters. This dynamic equilibrium is important in defin- 
ing those chemical species of copper that are available 
to organisms, ie bioavailable. The dissolved copper frac- 
tion is differentiated between that which is bound to 
organic (Campos & van den Berg 1994) and inorganic 
complexes, colloids, and the free copper ion (Cu^^). 
The free ion model predicts that Cu^^ is the species that 
is bioavailable, and is a better predictor of toxicity. In 
the ambient samples collected outside the immediate 
area of this study, the majority of the dissolved copper 
was found to be associated with strong organic ligands 
leading to free copper concentrations that were low 
(Table 3). On day 1 following the IE, free copper also 
was found to be low in the ablative and epoxy 
untreated panels despite elevated dissolved copper 
concentrations (Table 3), presumably due to a source of 
copper-binding ligands from the biofilm on the AF 
paint, or from the paint itself All samples from inside 
the study area contained much higher ligand concentra- 
tions than nearby ambient samples providing strong 
evidence of copper-binding ligands associated with the 
paints themselves. It is speculated that the leached 
copper on day 1 existed as an inorganic copper oxide 



complex, which could be detected as a ligand with the 
method employed in this study. 

On day 60, immediately following the CE, dissolved 
copper concentrations associated with the BMP and 
non-BMP treated panels were higher compared to the 
untreated (no cleaning) samples. This resulted in signifi- 
cantly elevated fi"ee copper concentrations for the treat- 
ment panels compared to untreated panels (Figure 8). 
Thus, in terms of the toxicity of copper as interpreted by 
the concentration of Cu^ , cleaning appears to have more 
of an effect than initial paint exposure, despite the lower 
dissolved copper release rates associated with cleaning 

IE. This observation is reinforced by the data from 
day 61 (one day following the CE), where release rates 
were somewhat elevated compared to the those 1 h after 
the CE (Table 2), yet the free copper concentrations were 
not significantly higher (Figure 8). The data show that 
copper released during CEs can cause periodic toxicity 
that may persist until the free copper ion concentrations 
drop back down to ambient conditions. 

Typical loading scenario 

In order to provide context to harbor loading scenarios, 
the three-year copper loading from values in Table 5 
were multiplied by the wetted hull surface area of a typi- 
cal recreational boat. Formulae vary for the calculation 
of the wetted hull surface area of a boat or the surface 
area of AF paint normally submerged in the seawater. A 
standard estimate used by paint manufacturers for wetted 
hull surface area that considers average boat shapes was 
applied as a factor of length (L) by beam width (B) by a 
standard conversion factor (0.85). A 40 foot long boat 
with a beam of 13 feet yields a wetted hull surface of 
442 ft^ (410,631 cm^). 

For a typical 40 foot recreational boat, the average 
annual loading (based on the three year cumulative load- 
ing) ranged from 970 to 1181 g dissolved Cu yr"' for 
epoxy and ablative paints, respectively, exclusively uti- 
lizing the recommended BMP. For use of non-BMP 
methods, the average annual loading was 1303 or 
1780 g dissolved Cu yr"' for epoxy and ablative paints, 
respectively. Under the no cleaning/no use scenario, a 40 
foot recreational boat would release 571 g dissolved Cu 
yr"' for the epoxy and 569 g dissolved Cu yr"^ for the 
ablative, representing the minimum loading for this 
vessel. These results are less than other methods for cal- 
culating loading estimates such as values extrapolated 
from ASTM or ISO test results; however, they are based 
on in situ measurements and are considered more repre- 
sentative of an environmentally relevant loading scenario 
(Finnic 2006; OECD 2012). The use of BMP values are 
more appropriate for cumulative loading estimates based 
on current practices. In general, boat owners and the pro- 
fessional divers/cleaners tend to favor methods that 
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remove fouling in the least damaging manner so that the 
coating system lasts longer (CPDA 2008). In addition, 
loading assumptions made for the entire three-year per- 
iod are conservatively high because they are based on 
the behavior of the paint system during the first 60 days 
and only the first CE and do not account for reduced 
paint efficacy (and lower loading) over the estimated 
three-year life cycle. The use of non-BMP loading values 
for a three-year cumulative release is not appropriate 
based on real-world practices and general BMP imple- 
mentation, and would, therefore, result in an unrealistic 
overestimate of loading. 

Lindner (1993) examined the long-term behavior of 
copper-based AF paints that were subject to static and 
dynamic cycles of exposure. The evaluation included 
epoxy and ablative AF paints similar to those used in 
this study and concluded that both paints performed well 
over a four- to five-year timefi'ame. Of note is that the 
Lindner (1993) study did not include any cleaning activi- 
ties on the coatings. The complicating factor to under- 
stand fouling and its impacts on a vessel can vary 
substantially based on the type and fianction of a vessel 
and, more importantly, the opinion of the vessel owner. 
Human factors are the driving force behind the overall 
loading calculations and are the ones that cannot be 
adjusted or accounted for unless they are widespread 
practices. For example, a pleasure craft with incipient 
slime on it may be considered fouled by the owner who 
may insist on cleaning, but it may not impact the overall 
performance of that particular vessel. However, if the 
boat is in a race, the owner may feel that any possible 
impediment to hydrodynamic flow is unacceptable. As a 
result, the present study used the current status quo asso- 
ciated with typical boat cleaning activities (Port of San 
Diego 2011). 

Conclusion 

This study helps to quantify some of the complicated 
variables associated with environmental loading parame- 
ters from typical recreational boat paints. The selection 
and use of BMPs for maintaining AF coatings can have 
a substantial impact on these loading values. On average, 
the use of BMPs resulted in one-third less copper load- 
ing than non-BMP practices. This difference is magnified 
when extrapolations are made using resident boat 
populations in a given geographical area. 

The relationship of potential ambient toxicity to the 
use and maintenance of copper-based AF paints indicates 
that initial panel deployment (eg newly painted) does not 
exceed toxicity thresholds. However, cleaning activities 
(regardless of method) result in a greater toxicity 
potential than initial paint exposure despite the lower 
dissolved copper release rates associated with cleaning 
vs IBs. 



Loading contributions from copper-based AF paints 
were quantified for typical boat painting and maintenance 
activities, excluding any boat use or variable human fac- 
tors. The life cycle loading fonnula presented herein can 
be universally applied to any AF paint, regardless of for- 
mulation, to estimate environmental contributions. Future 
studies to refine loading estimates for AF paints could 
include variable aged paints and factors associated with 
vessel use. 



Acknowledgments 

This work was conducted under requirements established by 
The California Department of Pesticide Regulation in con- 
junction with Nan Singhasemanon and funded by The 
American Coatings Association. The authors wish to 
acknowledge the efforts of Jeff Kagan, Sara Melvin, and 
Marissa Brand of SPAWAR Systems Center Pacific and 
Adam Darer of Scripps Institution of Oceanography for their 
support during peak sampling activities throughout the study 
as well as Bryan Blain from San Diego State University 
Foundation for his assistance in equipment configuration and 
vigilance over the test equipment during the experiment. 
The laboratory of Lihini Aluwihare at Scripps Institution of 
Oceanography is acknowledged for the DOC measurements. 
Mention of any company or product does not constitute 
endorsement by SPAWAR Systems Center Pacific, The 
Department of the Navy, or Scripps Institution of Oceanog- 
raphy. 



References 

ASTM. 2006. D6642-06 standard test method for determination 
of copper release rate from antifouling coatings in 
substitute ocean water West Conshohocken (PA): ASTM 
International. 

ASTM. 2007. D6903-07 standard test method for determination 
of organic biocide release rate from antifouling coatings in 
substitute ocean water West Conshohocken (PA): ASTM 
International. 

Brand L, Sunda WG, Guillard RRL. 1986. Reduction of marine 

phytoplankton reproduction rates by copper and cadmium. 

J Exp Mar Biol Ecol. 96:225-250. 
Buck KN, Bruland KW. 2005. Copper speciation in San 

Francisco Bay: a novel approach using multiple analytical 

windows. Mar Chem. 96:185-198. 
California Professional Divers Association [CPDA]. 2008. 

Divers hull cleaning best management practices certification 

manual. San Diego (CA): California Professional Divers 

Association. 

Campos M, van den Berg CMG. 1994. Determination of 
copper complexation in sea-water by cathodic stripping 
voltammetry and ligand competition with salicylaldoxime. 
Anal Chim Acta. 284:481-496. 

Chadwick DB, Rivera-Duarte I, Cook R, inventors; The United 
States of America as represented by the Secretary of the 
Navy, assignee. 2008 Nov 4. In-water hull cleaning 
sampling method. US patent 7,444,891. 

Copisarow M. 1945. Marine fouling and its prevention. Sci- 
ence. 101:406^07. 



68 P.J. Earley et al. 



Dang HY, Li T, Chen M, Huang G. 2008. Cross-ocean 
distribution of Rhodobacterales bacteria as primary surface 
colonizers in temperate coastal marine waters. AppI 
Environ Microbiol. 47:52-60. 

Dang IriY, Lovell CR. 2000. Bacterial primary colonization and 
early succession on surfaces in marine waters as 
determined by amplified rRNA gene restriction analysis of 
16S rRNA genes. Appl Environ Microbiol. 66:467^75. 

Donat JR, van den Berg CMG. 1992. A new cathodic stripping 
voltammetric method for determining organic copper 
complexation in seawater. Mar Chem. 38:69-90. 

Finnie A. 2006. Improved estimates of environmental 
copper release rates from antifouling products. Biofouling. 
22:279-291. 

ISO. 2007a. International Standards Organization 15181-1:2007 
paints and varnishes - determination of release rate of 
biocides from antifouling paints - part 1: general method 
for extraction of biocides. Geneva: International Standards 
Organization. 

ISO. 2007b. International Standards Organization 15181-2:2007 
paints and varnishes - determination of release rate of 
biocides from antifouling paints - part 2: determination of 
copper-ion concentration in the extract and calculation of the 
release rate. Geneva: International Standards Organization. 

Jones PR, Cottrell MT, Kirchman DL, Dexter SC. 2007. 
Bacterial community structure of biofilms on artificial 
surfaces in an estuary. Microb Ecol. 53:153-162. 

Kogut MB, VoeUcer BM. 2001. Strong copper-binding behavior 
of terrestrial humic substances in seawater. Environ Sci 
Technol. 35:1149-1156. 

Lindner E. 1993. Dynamic and static exposure tests and 
evaluations of alternative copper-based antifoulant coatings. 
Space and Naval Warfare Systems Center. Technical Report 
1628. San Diego: Naval Command, Control and Ocean 
Surveillance Center 

Mantoura RFC, Riley JP. 1975. Analytical concentration of 
humic substances from natural-waters. Anal Chim Acta. 
76:97-106. 

Mofifett JW, Dupont C. 2007. Cu complexation by organic 
ligands in the sub-arctic NW Pacific and Bering Sea. 
Deep-Sea Res Pt I. 54:586-595. 

Morel FMM. 1983. Principles of aquatic chemistry. New York 
(NY): Wiley-Interscience. 

Morel FMM, Hering JG. 1993. Principles and applications of 
aquatic chemistry. 2nd ed. New York: Wiley Inter Science. 

National Oceanic and Atmospheric Administration [NOAA]. 
1998. Sampling and analytical methods of the National Status 
and Trends Program Mussel Watch Project: 1993-1996 
Update. NOAA Technical Memorandum NOS ORCA 130; 
p. 257. Silver Spring (MA): US Department of Commerce. 

Ndung'u K, Franks RP, Bruland KW, Flegal AR. 2003. Organic 
complexation and total dissolved trace metal analysis in 
estuarine waters: comparison of solvent extraction graphite 
fumace atomic absorption spectrometric and chelating resin 
flow injection inductively coupled plasma-mass specttomet- 
ric analysis. Anal Chim Acta. 481:127-138. 

OECD. 2012 Mar 12. Possible approach for developing data to 
estimate leaching rates of biocidal active substances from 
antifouling coating films. Paris: Organization for Economic 
Co-operation and Development, Environment Directorate 
joint meeting of the Chemicals Committee and the Working 
Party on Chemicals, Pesticides and Biotechnology ENV/ 
JM/MONO (2012) 6. 

Port of San Diego. 2006 May 24. Copper loading assessment 
from in-water hull cleaning following natural fouling. 



Shelter Island Yacht Basin, San Diego Bay, San Diego, 
CA. Project no. 6151000502 0001. San Diego: AMEC 

Earth & Environmental, Inc. 
Port of San Diego. 2011. USEPA project, NP00946501-4: safer 

alternatives to copper antifouling paints for marine vessels. 

San Diego: US Environmental Protection Agency. 
Rivera-Duarte I, Flegal AR. 1997. Porewater gradients and 

diffusive benthic fluxes from relatively pristine and 

contaminated sites in San Francisco Bay: Co, Ni, Cu, Zn, 

and Cd. Croat Chem Acta. 70:389-^17. 
Rivera-Duarte I, Rosen G, Lapota D, Chadwick DB, Kear-Padilla 

L, Zirino A. 2005. Copper toxicity to larval stages of three 

marine invertebrates and copper complexation capacity in San 

Diego Bay, Califomia. Environ Sci Technol. 39:1542-1546. 
Ruzic I. 1982. Theoretical aspects of the direct titration of 

natural-waters and its information yield for frace-metal 

speciation. Anal Chim Acta. 140:99-113. 
Scatchard G. 1949. The attractions of proteins for small 

molecules and ions. Arm NY Acad Sci. 51:660-672. 
Schiff K, Diehl D, Valkirs A. 2004. Copper emissions from 

antifouling paint on recreational vessels. Mar PoUut BuU. 

48:371-377. 

Schultz MP, Bendick JA, Holm ER, Hertel WM. 2011. 
Economic impact of biofouling on a naval surface ship. 
Biofouling. 27:87-98. 

Seligman PF, Neumeister JW, inventors; The United States of 
America as represented by the Secretary of the Navy, 
assignee. 1983 Mar 1. In situ leach measuring system. US 
patent 4,375,451. 

Seligman PF, Valkirs AO, Caso JS, Rivera-Duarte I, Haslbeck E. 
2001. Copper release rates from antifouling marine coatings 
and their relationship to loading and toxicity in San Diego 
Bay, CA. In: Champ MA, editor. Symposium on Pollution 
Prevention from Ships and Shipyards. Oceanology Intema- 
tional 2001 Conference; 2001 Apr 4-5; Miami, FL; Arlington 
(VA): Office of Naval Research;p. 64-81. 

Stoodley P, Sauer K, Davies DG, Costerton JW. 2002. Biofilms 
as complex differentiated commimities. Aimu Rev 
Microbiol. 56:187-209. 

US Environmental Protection Agency. 1993. Policy and techni- 
cal guidance on interpretation and implementation of aqua- 
tic life metals criteria. Memorandum of October 1, 1993 
from Martha G. Prothro. Washington (DC): Office of 
Water, US Environmental Protection Agency. 

US Environmental Protection Agency. 1994. Method 200.8: 
determination of frace elements in waters and wastes by 
inductively coupled plasma-mass specfrometry. Washington 
(DC): US Environmental Protection Agency. 

US Environmental Protection Agency. 1996 Jan. Method 1669: 
sampling ambient water for trace metals at EPA water 
quality criteria levels. Washington (DC): US Environmental 
Protection Agency. 

Valkirs AO, Seligman PF, Haslbeck E, Caso JS. 2003. 
Measurement of copper release rates from antifouling paint 
under laboratory and in situ conditions: implications for load- 
ing estimation to marine water bodies. Mar PoUut BuU. 
46:763-779. 

van den Berg CMG. 1982. Determination of copper 
complexation with natural organic ligands in seawater by 
equilibration with manganese dioxide I. Theory. Mar Chem. 
11:307-322. 

Woods Hole Oceanographic Institution [WHOI]; United States, 
Navy Dept. Bureau of Ships. 1952. Marine fouling and its 
prevention. Annapolis (MD): Woods Hole Oceanographic 
Institute; p. 388. 



